We report on helicity-dependent terahertz emissions that originate from the helicity-dependent photocurrents in topological insulator Sb 2 Te 3 thin films due to ultrafast optical excitation. The polarity of the emitted terahertz radiation is controlled by both the incident angle and the helicity of optical pulses. Using an unprecedented decomposition-recombination procedure in the time domain, the signals of the Dirac fermions are fully separated from bulk contributions. These results provide insights into the optical coupling of topological surface states and open up opportunities for applying helicity-dependent terahertz emission spectroscopy in spintronics.
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I. INTRODUCTION
Recently, the exotic properties of topological surface states (TSSs) in three-dimensional topological insulators (TIs) have attracted much attention due to their potentials in the applications of spintronics [1] [2] [3] [4] [5] . TSSs have been confirmed using several techniques, such as angle-resolved photoemission spectroscopy (ARPES) [4] [5] [6] and scanning tunneling microscopy [7] [8] [9] [10] , etc. In terms of the optical coupling of TSSs, it has been demonstrated that the helicity-dependent photocurrent originating from TSSs can be manipulated by the optical helicity and these results demonstrate the potential for optoelectronic devices based on the TSSs of TIs [11] [12] [13] [14] [15] [16] . However, these results alone are inadequate to fully unveil the intriguing characteristics of TSS-photon coupling because of the limitations of indispensable electrodes in transport measurements and, in particular, the effects of TIs' crystalline orientation on photocurrents and the large signal background from thermoelectric currents. To address these problems, contact-free techniques have been proposed as viable alternatives. Terahertz emission spectroscopy is a useful contact-free technique for spintronics. For instance, transient spin currents [17] and photocurrents [18] that are generated by optical pulses on magnetic heterostructures have been recently studied by using terahertz emission spectroscopy.
Here, we demonstrate the observation of helicity-dependent terahertz emissions that originate from helicity-dependent photocurrents in TI Sb 2 Te 3 thin films. Using the time-domain decomposition and recombination of the terahertz signals, the time-domain traces of the circular photogalvanic effect (CPGE), the linear photogalvanic effect (LPGE), and the photon drag effect (PDE) coefficients are extracted individually. It is worth noting that both the CPGE and the LPGE show similar characteristics in both the time and frequency domains and their polarities are coincident with the rotational symmetry of the Dirac cone of TIs. Furthermore, the anisotropic PDE is also clearly identified by the unique analysis as well as direct measurements.
II. EXPERIMENTS
Optical pulses with a central wavelength of 800 nm and a pulse duration of ∼75 fs were focused on the (111) surface of a Sb 2 Te 3 thin film to generate terahertz radiation, as shown schematically in Fig. 1(a) . The Sb 2 Te 3 samples with 45-nm thickness were grown on (1102) sapphire substrates by using molecular beam epitaxy, and the TSSs are clearly observed by using ARPES, as shown in Fig. 1(c) . The details of sample preparation and the terahertz emission measurement are discussed in Appendix A. When circularly polarized optical pulses excite the Sb 2 Te 3 thin films at an incident angle θ , an asymmetric distribution is generated in a helical Dirac cone because of the selection rules for Dirac fermions. Hot carriers are also generated and annihilate via relaxation processes on a picosecond time scale [19] [20] [21] [22] [23] . For TSSs, in-plane helicity-dependent photocurrents are generated in the direction (along the x axis) perpendicular to the plane of incidence [11] [12] [13] and radiate helicity-dependent terahertz emissions. Upon reversing the helicity of incident optical pulses, the direction of the helicity-dependent photocurrents is also reversed. Therefore, the polarity reversal of the emitted FIG. 1. (a) Right-hand circularly polarized (RHCP) optical pulses illuminate a topological insulator Sb 2 Te 3 thin film at an incident angle +θ and generate a helicity-dependent photocurrent in the direction perpendicular to the incident plane (y-z plane). The polarization of optical pulses is controlled by rotating a quarter-wave plate (QWP) with an angle α. (b) The crystal-orientation-dependent (φ-dependent) absolute peak-to-peak amplitude of terahertz emission waveforms with linear polarization of optical pulses (along the x axis, α = 0 • ) at nearly normal incidence (θ ∼ +1
• ). (c) The ARPES image of a used sample in this study. The Fermi level is denoted as E F .
terahertz pulses can be observed. The helicity-dependent effect scales with the incident angle θ , and it can be confirmed by changing the incident angle from +θ to −θ and vice versa.
The out-of-plane (i.e., perpendicular to the surface of TIs) bulk transient currents near the surface of TIs might contribute to terahertz emissions [24, 25] , and these can be avoided by polarization settings of terahertz detection (see Appendix A). In TIs, terahertz emissions originating from optical rectification (OR) have been observed recently [24] [25] [26] . In this study, we used linearly polarized (along the x axis) optical pulses to generate terahertz radiation from the Sb 2 Te 3 thin films. As shown in Fig. 1(b) , the azimuthal-scan (φ-scan) results for the peak-to-peak terahertz amplitudes of the terahertz emissions show twofold symmetry.
III. RESULTS AND DISCUSSION
The helicity-dependent terahertz emissions were characterized by rotating a quarter-wave plate (QWP) with an angle α at different incident angles θ , as shown in Fig. 2 . The α-scan measurements along different crystalline orientations of TIs give more profound insights into the origins of terahertz emissions. According to the results for OR that are shown in Fig. 1(b) , two orientations are selected: φ = 0
• and 90 • and +40
• , respectively, for φ = 0
• . The colors represent the amplitude of the terahertz emissions, (c), (d) Terahertz waveforms for excitation with linearly polarized, righthand circularly polarized, and left-hand circularly polarized optical pulses at θ = -40
• and +40
• , respectively. (e), (f) The α-dependent terahertz amplitude at t = 3.06 ps. The red solid lines are the best fits with Eq. (1). The symbol ↔, the counterclockwise arrow, and the clockwise arrow denote linearly polarized (black: α = 0
• , along the x axis), right-hand circularly polarized (purple: α = 45
• ), and left-hand circularly polarized (green: α = 135
• ) incident photons, respectively.
Figures 2(c) and 2(d) show that the time-domain terahertz waveforms from the Sb 2 Te 3 thin film are generated by linearly polarized (LP, α = 0
• ), right-hand circularly polarized (RHCP, α = 45
• ), and left-hand circularly polarized (LHCP, α = 135
• ) optical excitations. The polarity of the emitted terahertz radiation is reversed because the photon helicity is reversed. Furthermore, for helicity-fixed optical excitation (both RHCP and LHCP), the polarity reversal also occurs when the incident angle alternates from +40
• to -40
• . These results are consistent with the scenario for the helicity-dependent terahertz emission: The spin-polarized current that is generated by incident photon spin is the main contributor to the process.
In terms of the optical control of TSSs, helicity-dependent photocurrents that are generated by optical pulses in TIs have been reported [11] [12] [13] and these are described as
where C is the coefficient of the helicity-dependent CPGE and L 1 describes the helicity-independent LPGE. Both C and L 1 are related to the TSSs, and it has been theoretically predicted that both the CPGE and LPGE are linked by the Berry phase in spin-orbit coupled quantum well structures [27] . Macroscopically, both the CPGE and LPGE can be 195407-2 described by third-rank tensors [11, 14, [28] [29] [30] . Both of them require the electric-field component of incident light in the direction of the sample's surface normal and are odd in the incident angle θ [14, 28, 30] . L 2 describes the PDE and the bulk thermoelectric current contributes to D. The PDE can be described by a fourth-rank tensor and is associated with the linear momentum transfer between incident photons and electrons. In terms of the transient current, the terahertz electric field is described as E THz (α,t) ∝ ∂J HDP (α,t)/∂t. OR also contributes to the terahertz emissions. Therefore, the helicitydependent terahertz emission from TIs is described as follows:
The coefficient C (t) describes the terahertz radiation that originates from the helicity-dependent CPGE. L 1 (t) and L 2 (t) are the coefficients for the LPGE and the PDE, respectively. OR mainly contributes to O(t). OR is a second-order nonlinearoptical process, and the nonlinear polarization of OR follows the time dependents of the incident light intensity [31] . Full descriptions about the dependences of CPGE, LPGE, PDE, and OR on φ, θ , and α are shown in Appendix C. To test this model, we use Eq. (1) to fit the experimental data by choosing the specific moment at which the α-dependent terahertz amplitude shows the largest variation. • and +40
• , for φ = 0 • . Obviously, Eq. (1) fits the experimental results very well, and the polarity reversals are significant at the chosen moment. The time-domain traces are also produced for all coefficients and the results are discussed in detail later.
The separation of the signals due to the Dirac fermions from the massive bulk contributions in topological insulators is an important concern in modern condensed matter physics. ARPES measurements have successfully achieved this goal and the dynamics of Dirac fermions are also obtained by using a time-resolved ARPES technique [20, 21, 32] . To achieve a similar goal, we develop a method that is suitable for extracting all coefficients based on Eq. (1) , all of the extracted time-domain traces for the coefficients L 1 (t) show similar characteristics to those for the coefficients C (t). When the incident angle θ changes its sign, the polarities of the time-domain traces for both C (t) and L 1 (t) change correspondingly. In the fast-Fourier-transform (FFT) spectra of C (t) and L 1 (t) [Figs. 3(f) and 3(g)], the peaks for all of the spectra are located at ∼0.61 THz, which is in very good agreement with the results for the time-domain analysis. These results strongly indicate that both C (t) and L 1 (t) share the same physical origin.
It is also worth noting that the amplitude of the time-domain traces evolves with the incident angle θ . Taking into account the Fresnel coefficient and the procedure for optical-fluence normalization, Fig. 3 (e) shows the calibrated peak-to-peak terahertz amplitudes for all traces in Figs. 3(a)-3(d) as a function of θ . It is obvious that the sign for the peak-to-peak terahertz amplitudes of both C (t) and L 1 (t) changes when the sign of θ changes. The best fit for C (t) (red line) almost intersects the origin and this result is consistent with the characteristics of CPGE: The photon spin is orthogonal to the two-dimensional spin texture of the Dirac cone at normal incidence. For L 1 (t) (black line), an offset is seen at θ = +1
• , which may be caused by OR. Although the sign change can also be observed for L 2 (t) in Fig. 3 (e), the polarity reversal seems to be difficult to identify in Fig. 3(c) . This might be due to the interferences from OR. On the contrary, at φ = 90
• , the polarity reversal features of the PDE are not only clearly observed in time-domain analysis (see Appendix C) but are also revealed by the direct measurements.
The photon drag effect has been observed in graphene by using terahertz emission spectroscopy [33] . In previous reports of photocurrent measurements [11] [12] [13] , the coefficient L 2 (t) associated with the PDE describes the experimental results well but PDE has only been confirmed by a recent terahertzlaser-driven experiment [34] . In this study, the anisotropic PDE is not only directly measured by linear-polarized optical excitation but also demonstrated by the time-domain recombination of L 2 (t) + O(t) at φ = 90
• . As shown in Fig. 4(a) , the polarity of the time-domain terahertz waveforms that are generated by linear-polarized (α = 0
• ) optical pulses changes when the sign of the incident angle θ changes from +40
• , which is direct evidence of PDE. Figure 4(d) shows the FFT spectra for the directly measured terahertz waveforms that are shown in Fig. 4(a) . The peaks for all of the spectra are located at a frequency of ∼0.73 THz.
We also observe similar evidences in time-domain decomposition and recombination of the α scans at φ = 90
• (see Appendix D). As mentioned previously, OR can affect other helicity-independent terms and can have some residual contribution to the L 2 (t) and O(t) terms in the normal incidence case (θ = +1
• ). It is worth emphasizing that these residuals are opposite in sign. Therefore, the time-domain traces of L 2 (t) and O(t) are combined together, as shown in Fig. 4(e) ], which has a peak at ∼0.73 THz, also agree with that of the directly measured results in Fig. 4(d) . In Fig. 4(c) , all of the peak-to-peak terahertz amplitudes for the direct measurements (direct PDE), L 2 (t) and L 2 (t) + O(t), change their signs when the sign of θ changes. These are fitted well with the sinusoidal function. Obviously, the term L 2 (t) + O(t) is much closer to the directly measured value than the L 2 (t) term alone. These results not only verify the reliability of this time-domain analysis, but also prove that L 2 (t) clearly represents the PDE.
FFT spectra of L 2 (t) + O(t) [in
A comparison of the time-domain decomposition and recombination for φ = 0
• and 90
• shows that all of the extracted time-domain traces of the coefficient L 1 (t) behave similarly to that of the coefficient C (t). The polarities of the time-domain traces C (t) and L 1 (t) at φ = 90
• are the same as those at φ = 0
• , and their FFT spectra also have the same shape with a peak at ∼0.59 THz (see Appendix D). All of these results are in good agreement with the rotational symmetry of the Dirac cone in TIs. Furthermore, in spin-orbit coupled quantum well structures, both CPGE and LPGE photocurrents associated with the Berry phase have been theoretically predicted to have equal magnitude [27] . In this study, the experimental results of the time-domain traces and the peak-to-peak analysis of both C (t) and L 1 (t) are close at both φ = 0
• and 90 Recently, time-resolved ARPES measurement of Sb 2 Te 3 single crystals has been reported [22] . An asymmetric distribution in the Dirac cone due to circularly polarized optical excitation has been confirmed and these results are coincident with the results for helicity-dependent photocurrents in the transport experiments [11, 13] . Based on the time-resolved ARPES results and considering transient-current radiation and far-field diffraction [35, 36] , we simulate the terahertz emission waveforms and spectra from different positions in the TSSs (see Appendix E). The peaks of terahertz spectra are located at around 0.56-0.60 THz for the positions near the Dirac point. (E − E F < 0.3 eV, Fig. 9(d) in Appendix E). These peak positions are coincident well with the peak positions of the C (t) and L 1 (t) spectra for both φ = 0
• and 90°[see Fig. 3 , and Fig. 8 (in Appendix D) ]. These results give strong evidence that the C (t) and L 2 (t) originate from TSSs. Therefore, it can be expected that the photoexcited carriers near the Dirac point in the TSSs mainly contribute to the helicity-dependent terahertz emission from a TI Sb 2 Te 3 under circularly polarized optical excitations.
Recently, some TI-terahertz-emission works based on circularly polarized excitation have been reported, and these works either use circular dichroism or single delay-time analysis [37, 38] . Helicity-dependent terahertz emission measurements of Bi 2 Se 3 thin films have been demonstrated, and a threefold periodicity with a constant offset in azimuthal scan has been observed [38] . This observation has been ascribed to circular photon drag effect, and the origin of the constant offset part is still unclear due to the limited information from experimental results and model fitting [38] . Regarding transientcurrent radiation, the frequency of few-cycle terahertz pulses are inversely proportional to the carrier relaxation time. Longer carrier relaxation times result in lower-frequency terahertz emissions. It is well known that the carrier relaxation times in TSSs of the typical TIs, e.g., Bi 2 Se 3 and Bi 2 Te 3 , are 10 ps and are longer than those in the bulk states [21, 23, 32, 39, 40] . In the case of Bi 2 Se 3 , the carrier relaxation time in TSSs is ∼10 ps at 70 K [32] , and the estimated frequency of the terahertz emissions from Bi 2 Se 3 would be ∼0.1 THz, which is close to the results (∼0.23 THz) of Ref. [38] . For Sb 2 Te 3 at room temperature, the carrier relaxation time in the TSSs is ∼1.2 ps from time-resolved ARPES results [22] . Therefore, the estimated frequency of the terahertz emissions from Sb 2 Te 3 is ∼0.8 THz, which is consistent with our results of 0.61 THz for CPGE and LPGE in this study. The time-domain decomposition-recombination method developed in this study could be further applied to other TIs.
IV. SUMMARY AND CONCLUSIONS
In summary, we have demonstrated that the helicitydependent terahertz emissions from topological insulator Sb 2 Te 3 thin films can be manipulated by using ultrafast optical pulses. Using the time-domain decomposition and recombination, the terahertz waveforms that originate from the CPGE, the LPGE, and the PDE are extracted individually. Both the CPGE and the LPGE results agree with the rotational symmetry of the Dirac cone, as verified by different crystalline orientation measurements. Anisotropic PDE is also observed by both direct measurements using linearly polarized light and the time-domain decomposition-recombination analysis. Furthermore, the spectra of time-domain traces for the CPGE and the LPGE coefficients agree with the simulated terahertz spectra of the transient photoexcited carriers near the Dirac point, which are observed by using time-resolved ARPES. The observations of this study not only demonstrate the importance of field-resolved terahertz emissions, but also pave the way towards applications of helicity-dependent terahertz emission spectroscopy in spintronics. 
APPENDIX A: SAMPLE PREPARATION AND TERAHERTZ EMISSION MEASUREMENT
In this study, Sb 2 Te 3 thin films were grown by using molecular beam epitaxy (MBE) on (1102) R-plane sapphire substrates; in-plane mismatch is around 12%. The sapphire substrate was heated to 1000
• C for 1 h to remove contaminants. High-purity Sb (99.999%) and Te (99.999%) were evaporated by Knudsen cells and the fluxes were calibrated in situ by using a quartz crystal microbalance. The base pressure for the MBE system was less than 1 × 10 −10 Torr and the growth pressure for the Sb 2 Te 3 thin films was maintained at less than 1 × 10 −9 Torr. The Sb and Te effusion cell temperatures were selected so that the fluxing ratio Te/Sb was 12. The Sb deposition rate was 1Å/min and that for Te was 12Å/min. The substrate temperature was maintained at 230
• C throughout the growth. The single-crystal structure of the film was obtained by using in situ reflection high-energy electron diffraction (RHEED), as shown in Fig. 5(a) . The Sb 2 Te 3 samples with 45-nm thickness were used for terahertz emission experiments, and a capping layer (∼10 nm) of Se was deposited on the surface of Sb 2 Te 3 thin films to prevent oxidation or reaction with the TI thin films.
The crystal structure of R-plane sapphires is rectangle and it shows a twofold symmetry. Although the symmetry of Sb 2 Te 3 (111) is hexagonal, the lattice mismatch between Sb 2 Te 3 thin films and R-plane sapphire substrates may be induced during thin-film-growth process. Optical rectification (OR) is a second-order nonlinear optical process, and the φ-scan patterns of second-order nonlinear-optical effects strongly depend on the crystal structure of samples. We performed x-ray diffraction measurements on the samples. As shown in Fig. 5(b) , the x-ray diffraction φ-scan (φ XRD ) pattern of a Sb 2 Te 3 (111) thin film shows a twofold symmetry. This result is coincident with the OR-φ-scan pattern as shown in Fig. 1(b) in the main text.
In the terahertz emission experiments, a mode-locked Ti:sapphire oscillator was used to generate an optical pulse train with a central wavelength of 800 nm, a pulse duration of ∼75 fs, and a repetition rate of 5.1 MHz. Optical pump pulses illuminated the (111) surface of the TI thin films to generate terahertz radiation. The pulse energy of the pump beam was around 31.4 nJ and the spot size (diameter) on the surface of samples was about 450 µm at normal incidence. Therefore, the pump fluence was about 19.4 μJ/cm 2 . The terahertz radiation emitted from the sample was collimated by two off-axis parabolic mirrors and focused on a 1-mm-thick 110 ZnTe slab for electro-optic sampling. A wire-grid polarizer was used to purify the polarization of the terahertz radiation along the x axis (in-plane) and electro-optic sampling was also used to detect terahertz polarization along the x axis. All of the experiments were performed at room temperature and in a chamber purged by dry nitrogen gas, to avoid the absorption of water vapor. The helicity-dependent terahertz emissions were characterized by rotating a quarter-wave plate with an angle α (α scan). The rotation of the quarter-wave plate changes the photon polarization from linearly polarized (α = 0 • ), to right-hand circularly polarized (α = 45
• ), to linearly polarized (α = 90
• ), to left-hand circularly polarized (α = 135 • ), and to linearly polarized (α = 180
• ). This type of polarization change shows a period of 180
• . Firstly, we performed normal-incident excitation (θ = +1
• and linearly polarized pump beam) and rotated the samples over 360
• (OR φ-scan) to determine the contributions from OR. At φ = 90
• , the contributions of OR almost reach to zero, and this means that the terahertz emission generated by other mechanisms can be unambiguously identified along this crystalline orientation. In order to double-check our idea, the other φ angle of 0
• [30 • offset from the OR maximum in Fig. 1(b) of the main text] with a portion of the OR signal was selected for the same analyses as performed at φ = 90
• . This offset of 30°b etween the OR maximum and φ = 0
• is just to avoid the large OR component and keep a reasonable amplitude of terahertz signal for the subsequent analyses. As shown in the main text, the time-domain traces and spectra of both C (t) and L 1 (t) at φ = 0
• are really coincident with those at φ = 90
• .
APPENDIX B: TIME-DOMAIN FITS FOR THE HELICITY-DEPENDENT TERAHERTZ RADIATION
AT φ = 0 • AND 90
•
Crystalline-orientation-dependent measurements can give a clearer insight into the origins of terahertz emissions. The α-scan patterns and the time-domain fits at different incident angles θ for φ = 0
• and 90°are shown in Figs. 6 and 7, respectively. At nearly normal incidence [θ = +1
• , Figs. 6(g) and 7(g)] in both orientations, obviously, the α-scan patterns show clear fourfold symmetry and the main contributor is optical rectification (OR). By contrary, at oblique incidences (θ = -40
• and +40 • ), for both φ = 0 • and 90°, the α-scan patterns show clear twofold symmetry and it means that the helicity-dependent circular photogalvanic effect (CPGE) affects the results. For the same incident angle, for example, θ = +40
• , the α-scan patterns [Figs. 6(m) and 7(m)] are similar but not identical. It indicates that the anisotropic photon drag effect (PDE) contributes to the results and it is discussed later.
According to Eq. (1) in the main text, Macroscopically, the photocurrent J λ generated by the electric field E of incident light is shown as follows [11, 14, [28] [29] [30] :
where γ λμ is a third-rank pseudotensor for the CPGE. χ λμυ is a third-rank tensor for the LPGE. T λδμυ is a fourth-rank tensor for the PDE. q δ is the photon linear momentum. The indices run through the spatial coordinate. The CPGE photocurrents change sign as the polarization of the incident light changes from the right-hand circular polarization to the left-hand circular polarization [29, 30] . Therefore, the CPGE shows 2α periodicity. On the other hand, because the LPGE has no response to the changes in the helicity of the incident light as well as the second-order dependence on the electric field of the incident light, the LPGE shows 4α periodicity [14, 30] . Macroscopically, both the CPGE and LPGE require the electric-field component in the direction of the sample's surface normal, and both of them are odd in the incident angle θ [28, 14] . As the incident angle of light changes sign, e.g., from +θ to −θ , with respect to the surface normal of a sample, the incident electrical-field component (in the direction of the surface normal) changes sign as well, and the direction of the LPGE photocurrent also reverses. Therefore, the time-domain traces of the LPGE flip.
In quantum well structures, it has been theoretically predicted that both CPGE and LPGE are linked by the Berry phase, and the Berry phase generates both PGEs with equal magnitude [27] . Microscopically, for TIs, the CPGE originates from the TSSs and satisfies the rotational symmetry of the Dirac cone [29] . Therefore, the CPGE should show the same characteristics at different crystal orientations. Nevertheless, a fully microscopic theory of the LPGE in TIs is still absent.
The PDE is described by a fourth-rank tensor T λδμυ . It depends on not only photon linear momentum q δ but also the polarization of incident light [14, 28] . The main feature of the PDE is that its sign changes as the incident angle of the linearly polarized incident light reverses from +θ to −θ . It may also show the anisotropic behaviors (i.e., φ dependent) because of the fourth-rank tensor.
OR is one of the second-order nonlinear-optical processes, and basically it is described by the third-rank nonlinear-optical tensor χ (2) which is the same as the well-known second-harmonic generation in noncentrosymmetric materials (i.e., P OR = ε 0 χ (2) |E| 2 , P OR is the nonlinear polarization of OR, and ε 0 is the electric permittivity of free space). This indicates that the nonlinear polarization P OR of OR depends on the crystal orientation and the intensity profile of incident light [31] . Besides, both right-hand circular polarization and left-hand circular polarization of the incident light are identical in the OR process. Therefore, it shows 4α periodicity, and no polarity reversal for OR as the sign of the incident angle θ changes. The details of the dependences of CPGE, LPGE, PDE, and OR on φ, θ , and α are shown in Table I . The time-domain decomposition-recombination procedure is also applied to the terahertz waveforms measured at φ = 90
• . At φ = 90
• , OR reaches almost zero, and this means that the terahertz emission generated by other mechanisms can be unambiguously identified along this crystalline orientation. In the coefficients L 1 (t) show characteristics similar to that of the coefficients C (t). The fast-Fourier-transform (FFT) spectra for both C (t) and L 1 (t) have the same shape with a peak at ∼0.59 THz and this value is very close to that at φ = 0
• (0.61 THz). As shown in Fig. 8(c) , the polarity of the timedomain traces L 2 (t) is reversed when the sign of the incident angle θ changes. This is the main feature for photon drag effect.
APPENDIX E: ESTIMATION OF THE TERAHERTZ-EMISSION SPECTRA FOR DIRAC FERMIONS BY USING PHOTOEMISSION DYNAMICS FROM TIME-RESOLVED ARPES MEASUREMENTS
Time-resolved ARPES measurements on TIs provide valuable insights into the carrier dynamics of TIs under circularly polarized optical excitation. Recently, direct optical transitions 195407-8 (2) : The second-order nonlinear-optical tensor [31] . e OR contributes mainly to the cos4α term, and it is confirmed by using a 110 ZnTe single crystal as a terahertz emitter through OR effect (see Fig. 10 in Appendix F).
from deeper-lying bulk states to TSSs in Sb 2 Te 3 single crystals at room temperature have been observed [22] . Using circularly polarized optical pulses (800 nm, 1.55 eV) causes an asymmetric distribution in the TSSs and these results are in agreement with the results for helicity-dependent photocurrent in the transport experiments. We extracted the ARPES image and the photoemission dynamics of the TSSs from Ref. [22] and the digitalized figures are shown in Figs. 9(a) and 9(b). Figure 9 (a) shows the direct optical transitions from deeperlying bulk states to the TSSs and the circularly polarized optical pulses result in an asymmetric distribution in the TSSs. Figure  9 (b) shows the photoemission dynamics of different positions (1) (2) (3) (4) (5) in the TSSs and the relaxation time of the photoemission intensity increases as the position in the TSSs becomes closer to the Dirac point. In Ref. [22] , the positions in which energy is less than ∼0.3 eV above Fermi level show relaxation properties similar to that of position 5. Therefore, we choose the positions 1-5 for discussion.
The photocurrent density is described by the standard expression, J = −e k v g (k)n(k), where k is the momentum state in the band, v g (k) is the group velocity, and n(k) is the distribution function [28, 41, 42] . In terms of transientcurrent radiation, the relaxation time of photoexcited carriers dominates the terahertz emission. Thus, ∂n(k)/∂t is mainly responsible for the terahertz emission process. Finally, we can simulate the terahertz emission waveforms and spectra from the distribution variation of different states in the TSSs. By taking the far-field diffraction [35, 36] into account, the terahertz waveforms from the contributions of the positions 1-5 in the TSSs are obtained and shown in Fig. 9(c) . The corresponding FFT spectra are shown in Fig. 9(d) . The spectral centers tend toward the low-frequency region as the position becomes closer to the Dirac point. This result agrees with the characteristics of the time-domain photoemission intensity traces. Surprisingly, the spectral centers (0.56-0.60 THz) of the positions 4 and 5 (E − E F < 0.3 eV) are coincident with that of both C (t) and L 1 (t) for φ = 0
• and 90°in this study.
These results provide strong evidence that C (t) and L 1 (t) originate from TSSs. Nevertheless, all of the positions in the TSSs must be considered (sum over states in the TSSs) for the final terahertz emission. It is noted that most electrons are concentrated in the region near the Dirac point [22] due to the electron bottleneck effect near the Dirac point [32] . Therefore, it is to be expected that the photoexcited carriers near the Dirac point in the TSSs mainly contribute to helicity-dependent terahertz emissioned from a TI Sb 2 Te 3 under circularly polarized optical excitations. In general, the filter function of electro-optic sampling (EOS) is necessary to be considered for final terahertz waveforms and spectra. However, the effects of EOS filter function can be neglected due to the flat spectrum in the low-frequency region (<2 THz) [43] [44] [45] . Rashba spin-split bulk states would result in spin-polarized photocurrent, and spin-polarized photocurrent may contribute to helicity-dependent terahertz emissions. In general, surface heavy doping and gas absorptions would result in Rashba splitting for the bulk bands. It has been shown that the contribution from Rashba spin-split bulk states in Bi 2 Se 3 can be neglected due to the cancellation effect of the two oppositely spin-polarized Fermi surfaces of Rashba bulk bands as well as difficulties for strong band bending without surface doping [11] . For MBE-grown Sb 2 Te 3 thin films, it has been shown that the robustness of the TSSs in Sb 2 Te 3 is more superior to those in Bi 2 Se 3 and Bi 2 Te 3 by electrical transport measurements [46] . Furthermore, it has been shown that the aging effect (surface band bending) in Sb 2 Te 3 thin films is not obvious, and even the Rashba effect has not been observed by ARPES measurements [47] . This means that strong surface band bending has not been observed in MBE-grown Sb 2 Te 3 thin films. Therefore, we believe that the contributions from Rashba spin-split bulk states to CPGE and LPGE can be neglected in our experimental results.
Furthermore, the spectra centers (∼0.73 THz) of PDE (dominated by bulk states) all show blueshift with respect to the spectra (∼0.61 THz) of CPGE and LPGE. This indicates that terahertz emission spectra from the bulk states are higher than those from TSSs. perform an α scan for θ = -30
• , + 1 • , and +30
• under the same condition. The mechanism of the terahertz emission from ZnTe is OR. As shown in Fig. 10 , apparently, all α-scan patterns show the same 4α periodicity (cos4α), and no polarity reversal for terahertz waveforms as the incident angle of optical pulses changes from θ = -30
• to +30
